Abstract: Since 2008, the world's largest blooms of the green macroalgae, Ulva prolifera, have occurred every summer in the Yellow Sea, posing the question of whether these macroalgal blooms (MABs) have changed the phytoplankton biomass due to their perturbations of nutrient dynamics. We have attempted to address this question using long-term Moderate Resolution Imaging Spectroradiometer (MODIS) observations. A new MODIS monthly time-series of chlorophyll-a concentrations (Chl-a, an index of phytoplankton biomass) was generated after removing the macroalgae-contaminated pixels that were characterized by unexpectedly high values in the daily Chl-a products. 2008-2012 (the MAB period) exhibited significant increases in the offshore Yellow Sea waters (rich in macroalgae), with mean Chl-a increased by 98% from 0.64 µg/L to 1.26 µg/L in the study region. In contrast, no significant Chl-a changes were observed during June between the two periods. After analyzing sea surface temperature, photosynthetically available radiation, and nutrient availability, we speculate that the observed Chl-a changes are due to nutrient competition between macroalgae and phytoplankton: during the MAB period, the fast-growing macroalgae would uptake the increased nutrients from the origin of Jiangsu Shoal; thus, the nutrients available to phytoplankton were reduced, leading to no apparent increases in biomass in the offshore Yellow Sea in June.
Introduction
Macroalgal blooms (MABs), caused by the fast growth and accumulation of macroalgae, have increased remarkably in the global oceans in recent years [1] , and thus it is pressing to understand the ecological consequences of these blooms [2] . Since 2008, the world's largest MABs of Ulva prolifera (also called green tides) have occurred every summer in the Yellow Sea [3] [4] [5] [6] (Figure 1 ). These MABs have occurred in the semi-enclosed ocean basins, which have resulted in significant impacts on local marine ecosystems and local economy [7] . Several studies have documented the occurrence statistics and causes of these MABs through satellite remote sensing, in situ measurements, and laboratory analysis, with the following findings: (a) the Jiangsu Shoal served as the seed source of the MABs [4, 5, 8, 9] , where the pathway of floating macroalgae was numerically modeled and validated by satellite observations [4, 10] ; (b) the area influenced by MABs ranged from the East China Sea to the Yellow Sea, extending to the west coast of South Korea, as shown in Xing et al. [9] ; (c) in late April and early May, driven by the Jiangsu coastal current and the North-East Asia Monsoon (NEAM), macroalgae drifted to the East China Sea; then, with the strengthening of summer NEAM, macroalgae moved northward to enter the southern Yellow Sea and reached the southern coast of Shandong Peninsula in June and July [9] ; and (d) as shown by the satellite images of maximum daily MAB area, the most severely influenced area was the offshore region near Qingdao, where the impacted area varied in different years, with the maximum bloom area found in 2008 [6] .
The growth of macroalgae might reduce phytoplankton biomass through nutrient competition [11, 12] : macroalgae in the growing and expanding stage consumed nutrients in water column and reduced nutrient availability to phytoplankton. In addition, the release of nutrients due to decomposition of macroalgae might also stimulate the growth of phytoplankton [13] . For the world's largest MABs in the Yellow Sea [5, 8] , it is difficult to assess the interactions between macroalgae and phytoplankton in such a large region through in situ observations [11] [12] [13] ; to date, there has been no such report for the Yellow Sea, possibly due to difficulties in assessing long-term alternations in phytoplankton in the presence of macroalgae.
Thus, the objective of this study is to document potential phytoplankton biomass changes associated with the MABs in the Yellow Sea through synoptic satellite ocean color observations. Indeed, such observations have been used to document the transport of phytoplankton blooms in the Bohai Sea [14] and the South China Sea [15] as well as to study global-to basin-scale phytoplankton changes. In this work, chlorophyll-a concentration (Chl-a) from the satellite measurement was regarded as an index of phytoplankton biomass, and the Chl-a time-series were used to evaluate the impacts of MABs on the water-column phytoplankton in the Yellow Sea. 
Data and Methods

MODIS Level-1 and Level-2 Products
Ulva prolifera has similar reflectance characteristics as land vegetation, i.e., with high reflectance in the red and near-infrared wavelengths. Several indices based on these characteristics were used to delineate the U. prolifera macroalgae slicks, for example the NDVI index [3, 5, 9, 16] and the Floating Algae Index [4] . In this study, Level-1 MODIS aqua data of calibrated total radiance at 1-km resolution (downloaded from the National Aeronautics and Space Administration-NASA, https://ladsweb.nascom.nasa.gov) were mapped to an equidistant cylindrical projection using nearest neighbor re-sampling, and then used to calculate the top of atmosphere (TOA) reflectance (R, unitless). Then, the near-infrared band ( NIR R , 859 nm) and red band ( R ED R , 645 nm) were used to calculate NDVI as:
MODIS aqua Level-2 data were also obtained from NASA; these data contained water-column Chl-a derived from the standard algorithm (Ocean Color 3-version 5, OC3-v5) and the Level-2 flags for screening low-quality data (for more details, please refer to the website, http://oceancolor.gsfc.nasa.gov). Floating macroalgae can lead to significant increases in water-leaving radiance in the NIR bands (e.g., ~5 mW· cm −2 · μm −1 · sr −1 at 859 nm [17] ), making the pixels falsely flagged as clouds or sea ice ("CLDICE") or incorrectly treated as water pixels but with overestimated Chl-a from the standard OC3-v5 algorithm. In this study, such pixels were examined and excluded using the following method.
Removal of Macroalgae-Contaminated Pixels
In the presence of MABs, the perturbation of floating macroalgae to the satellite signal may result in a false interpretation of the water-column phytoplankton, and thus lead to biased results in the satellite-based estimates of the water-column Chl-a. Such perturbations must be removed or at least quantified in order to assess the phytoplankton changes in the presence of MABs. The following gradient-based method was used to remove the macroalgae-contaminated pixels from the daily Level-2 standard MODIS aqua Chl-a data (D0) for June and July during 2002-2012 (see Figure 2 for the data-flow chart).
(1) D0 of Chl-a (µg/L) was first mapped to an equidistant cylindrical projection (D1) using nearest neighbor re-sampling through the software of SeaDAS.
(2) D1 was averaged to D2 by using a moving window of 9 × 9 pixels. (3) D3 was derived as D1-D2. (4) Pixels in D3 with their values larger than an optimal threshold (0.5 µg/L) were regarded as macroalgae-contaminated pixels (D4) (see Supplement I for the threshold setting).
(5) D4 was excluded in D1 to generate the water-column Chl-a (D5). (6) D5 was binned to 9 km × 9 km resolution (D6) to make them consistent with the standard NASA Level-3 product. D0, daily Level-2 standard MODIS aqua Chl-a; D1, the mapped D0 with an equidistant cylindrical projection; D2, the averaged D1 with a moving window of 9 × 9 pixels; D3, D1 deducted by D2; D4, macroalgae-contaminated pixels identified in D3 (D3 > 0.5 µg/L); D5, D1 after the removal of D4; D6, the resampled D5 with a 9 km × 9 km bin average.
The slicks of floating macroalgae can extend to several tens of kilometers. However, the pixels heavily contaminated by floating macroalgae have been excluded in the NASA standard Chl-a product as they were treated as clouds. So, a window of 9 × 9 pixels (or 9 km × 9 km) used in this study may serve as an appropriate size for identifying the remaining macroalgae-contaminated pixels (see also next section). It should be noted that, due to the mixing of macroalgae and sea water, some pixels with a relatively low proportion of macroalgae may not be removed through this method, but they have no significant impact on the Chl-a product (see the results in the next sections). The difference between the two periods was tested for its significance level with a t-test where a normal distribution in frequency was assumed for the time series of monthly Chl-a of each pixel (or site): 1 is for significant difference, and 0 for no significant difference.
MODIS and SeaWiFS Level-3 Chl-a Products
Monthly Level-3 MODIS terra Sea Surface Temperature (SST) and MODIS terra Photosynthetically Available Radiation (PAR) were also analyzed to investigate the environmental changes in the Yellow Sea. As MODIS aqua started in 2002, Chl-a data from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) from 1998 to 2007 were used to extend the time-series before 2002, which is on the basis of the good agreement between the two time series of monthly Level-3 Chl-a products in the Yellow Sea [6] .
Due to limitations in the atmospheric correction and bio-optical inversion algorithms, NASA standard products are known to have high uncertainties for coastal seas. However, as long as the data are consistent through time, the anomalies should actually reflect the changes and thus could be used for many purposes [18] [19] [20] [21] . Moreover, intensive validation work [22] [23] [24] showed that the standard Chl-a for coastal waters was linearly related to field-measured Chl-a, and thus may be used to study the long-term relative changes in Chl-a and primary production in the Yellow Sea and East China Sea [25, 26] . Figures 3 and 4 show an example of how the MAB occurrence on 15 July 2009 influenced the standard MODIS Chl-a product. Figures 3b and 4a show that the sea surface was covered by floating macroalgae slicks (white slicks in Figure 4a ), and such slicks remained in the MODIS Level-2 composite images although some pixels were flagged as invalid data (black pixels in Figure 3b ). The atmospheric correction and Chl-a retrieval algorithms of MODIS aqua were designed for water-column phytoplankton instead of floating macroalgae, and the presence of macroalgae would cause both algorithms to fail, leading to positively-biased Chl-a retrievals (shown by the contrast between Figure 3c ,d). The maximum Chl-a derived from MODIS aqua in the macroalgae-contaminated region (Figure 3c ) could be as much as 332.89 µg/L. Figure 4b shows clearly how the macroalgae pixels led to overestimation of Chl-a along a transect (P-P'). The Chl-a spikes along the transect were all due to the contamination of the macroalgae pixels, which suggests that the OC3-v5 Chl-a algorithm for phytoplankton was sensitive to the presence of floating macroalgae and thus it might be used as an alternative index for macroalgae pixels, as shown in this study. After the removal of these pixels using a gradient-based method (see the section of data and methods), the mean Chl-a along this transect decreased from 3.19 to 1.70 µg/L. The removal procedure was then used on the Level-2 daily data to exclude the macroalgae-contaminated pixels. Figure 3 ; the white slicks pointed out by arrows are macroalgae; the west-east profile (P-P') is plotted in pink; (b) NDVI and the Level-2 standard Chl-a along the profile (P-P'). Data gaps in Chl-a indicate the pixels with invalid data flagged as "CHLFAIL" or "CLDICE" in the standard product due to the presence of floating macroalgae.
Results
Impacts of Floating Macroalgae on the Standard MODIS Chl-a Product
Monthly Chl-a for June and July after the Removal of Macroalgae-Contaminated Pixels
Figure 5 shows significant increases in the water-column Chl-a for July from the pre-MAB period (2002) (2003) (2004) (2005) (2006) to the MAB period (2008-2012), while no significant increases were found for June. The locations with significant increases (p < 0.05) of Chl-a were generally in offshore waters ~50-100 km away from the coasts of the Shandong Peninsula and the Jiangsu Shoal, and these locations (with a coverage of about 9000 km 2 ) were where the MABs occurred ( Figure 1 ).
Figure 6a further shows that during the pre-MAB period Chl-a tended to decrease from June to July, especially in the offshore waters north of the latitude line of 34.5°N. In contrast, during the MAB period Chl-a for July was higher than for June, and some of the Chl-a increases for the MAB region (red circles in Figure 6c ,d) were statistically significant. Figure 7a shows that in the pilot region (Box A in Figure 1, 35.5°N -36°N , 121.25°E-121.75°E, also annotated as the red circle in Figure 6c ,d) Chl-a time-series before 2008 (the pre-MAB period) with and without the removal of the macroalgae-contaminated pixels generally overlapped with each other. The significance test (t-test) showed no difference in the average Chl-a between the two time-series in the pilot region in the pre-MAB period. For Chl-a data after 2008 (the MAB period), the removal of the macroalgae pixels led to significantly lower Chl-a for both June and July (t-test), which is in agreement with the results shown in Figure 4b . Such an effect is not apparent in June of 2009, 2010, and 2011 because of less floating macroalgae in this region.
Chl-a data from SeaWiFS showed a linear relationship with those from MODIS, with no statistically significant difference for this study area [6] . A longer time series of SeaWiFS monthly Chl-a (1998-2007, a pre-MAB period) in Figure 7b showed parallel linear trends for July and June (no significant difference between the two slopes, p = 0.95). Comparing these trends of 1998-2007 with those of [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] (Figure 7a ), a shift in the linear trend was found for June, which is coincident with the occurrence of the large-scale MABs. . Green ■ and red ■ for significant increases and decreases as indicated by t-test, respectively; blue ■ for non-significant changes; white pixels for no results.
A dramatic difference was found in the June-July Chl-a changes between the pre-MAB period and the MAB period for the pilot region (Figure 7c,d) . During the pre-MAB period, the multi-year average of Chl-a for June was 0.92 µg/L, higher than that for July (0.64 µg/L). In contrast, during the MAB period, the multi-year average of Chl-a for June was only 0.69 µg/L, significantly lower (t-test) than that for July (1.26 µg/L). Furthermore, Chl-a for July showed a pronounced linear increasing trend ( 
Discussion
Increase in Phytoplankton Biomass in the Bloom Region
The NASA standard Chl-a products for the Yellow Sea, after excluding the macroalgae-contaminated pixels, may still contain higher uncertainties than for deep open oceans. The assumption is that the factors (e.g., colored dissolved organic matter) leading to such uncertainties would contribute more or less equally in time, so that the derived temporal or anomaly patterns are still valid, especially when the observed temporal changes are significant. Indeed, the above results indicate significant water-column Chl-a increases from June to July during the MAB period, with or without removal of the macroalgae-contaminated pixels. Such increases were absent during the pre-MAB period. For the Yellow Sea, from May to August, both SST and PAR increased [6] ; following these environmental forcing, Chl-a typically peaked in the spring and then decreased monotonically through the fall without an intermediate peak in the summer [27] . The time-series of pre-MAB monthly Chl-a showed such typical patterns, yet the MAB period showed a local peak in July, indicating a shift in phytoplankton phenology. The question, then, is what caused such a shift.
Precipitation over the coastal zone of the Yellow Sea usually peaked in July and August [27] , and increased precipitation may bring more land-based nutrients to the Yellow Sea to fuel the phytoplankton in coastal waters. However, in this study, the locations with significant Chl-a increases were generally in offshore waters far away from land (Figure 5d ), suggesting that precipitation was an unlikely reason. Neither SST nor PAR showed pronounced shifts for June and July ( Figure 8a,b) ; they may therefore be ruled out as possible causes of the observed Chl-a changes from the pre-MAB period to the MAB period.
The Jiangsu Shoal has served as a pool of nutrient supply (e.g., the DIN and PO4-P) and macroalgae seed to the Yellow Sea [4, 6, 8, 9] . Xia et al. [28] showed that the surface DIN and the PO4-P concentrations during 7-14 July 2008 in the Jiangsu coastal waters were higher by a factor of 2 than those in the bloom region in the Yellow Sea. Expansion of local aquaculture as well as river input has caused rapid increases in nutrient supplies in the Jiangsu Shoal [29] . Figure 8c shows that the Jiangsu coastal waters may contribute as much as 80% of the water quality pollution to the entire Yellow Sea. Indeed, even when nutrient pollution decreased in other nearshore regions, Jiangsu coastal waters still showed increases in nutrient pollution, suggesting a significant nutrient source to the Yellow Sea.
Xing et al. [6] revisited the progressive eutrophication in the Yellow Sea and the Jiangsu Shoal, and suggested that the process of progressive eutrophication might contribute to the non-linear sudden outburst of MABs since 2007 [4, 9] . In summer, under the influence of southeast wind and local circulations [5, 8, 10] , surface waters from the Jiangsu Shoal could flow northward and stimulate macroalgae growth in the Yellow Sea (please see Supplement II for sea surface currents). Thus, increased nutrient supply from the Jiangsu Shoal fueled not only the macroalgae but also the water-column phytoplankton in summer. The monthly Chl-a for June peaked in 2004 in the offshore waters of the Yellow Sea to the south of the Shandong Peninsula (pilot region, box A in Figure 1) , indicating a response to the high-level nutrient supply from the Jiangsu Shoal in 2004 (Figure 8d) . The increased nutrient supply in the Jiangsu Shoal could also explain the significant Chl-a increases in July from the pre-MAB period to the MAB period. Yet, it could not explain why a similar increase was not observed for the month of June. A nutrient budget is required to explain such a difference. 
Nutrient Competition between Macroalgae and Phytoplankton
In theory, nutrient competition between macroalgae and phytoplankton could have occurred with the emergence of such large-scale MABs in the Yellow Sea. The limited in situ data, when combined with the satellite time series of Chl-a, may be used to evaluate the nutrient competition on the basis of mass balance.
It has been hypothesized that the increases in nutrient supply from the pre-MAB period (2002) (2003) (2004) (2005) (2006) to the MAB period (2008-2012) could lead to the Chl-a increases in July between the two periods [6] . No increases of Chl-a in June could be due to the consumption of large amounts of nutrients by the macroalgae during their initial growth. In the following month of July during the MAB period, nutrients from the Jiangsu Shoal and potentially those recycled from macroalgae to the water column might lead to the observed increases in Chl-a. Such a hypothesis is illustrated in the schematic chart in PO4-P Figure 9 , where the sequence of AFCD shows the situation for June and July during the MAB period (i.e., with increased nutrient supply and occurrence of MABs), and the sequence of AFED shows a scenario with neither increases in nutrient supply nor occurrence of MABs. The sequence of ABGD shows a scenario with increases in nutrient supply but without occurrence of MABs, and the sequence of AFGD shows increases in nutrient supply and occurrence of MABs but without nutrient release from macroalgae to the water column. The following estimates may support this hypothesis. Table 1 shows that massive floating macroalgae usually landed on the beaches of Qingdao (see Figures 1 and 3 ) near the end of June, indicating that massive MABs occurred in the offshore waters of the Yellow Sea in June (Figure 1 ). During summer 2008, when the record-high MABs were reported, one million tons of macroalgae (wet weight, Mm•ww) were collected [7, 9] , and about 40,000 km 2 of the sea's surface were impacted [6, 8] .
According to [30] , nitrogen in macroalgae (Cm•N) was about 1.5% of the dry weight. From our own investigation in summer 2014, the ratio of wet weight of macroalgae to dry weight (Rm•wd) was about 5. Therefore, one million tons of macroalgae were equivalent to about 3000 tons of nitrogen (Mm•N). It should be noted that there should be large amounts of macroalgae landed in other sites of the Shandong Peninsula or sunk to the sea bottom. Thus, the total macroalgae biomass and the corresponding nitrogen based on collection in Qingdao alone must have been underestimated. With the occurrence of MABs, a decrease of 0.5 µg/L in Chl-a (DChl-a) during June (a conservative estimate, as shown in Figures 3c and 4f) N) for the whole month of June, which is on the same order as that consumed by macroalgae (3000 tons of nitrogen) during the same period. So, these arguments support the hypothesis that there might be significant nutrient competition between floating macroalgae and phytoplankton for this region. Table 2 gives a summary of this mass balance for nitrogen. Table 2 . Nitrogen estimation for macroalgae-phytoplankton nutrient competition. 
Conclusions
The world's largest MABs have occurred in the Yellow Sea every summer since 2008, but their impacts on water-column phytoplankton biomass have never been documented. Using MODIS aqua Chl-a data products, we presented the first report that the MABs reduced water-column phytoplankton biomass through nutrient competition in the Yellow Sea in June. In this study, any pixel with its Chl-a 0.5 µg/L larger than the mean Chl-a of a window of 9 × 9 pixels around it was regarded as a macroalgae-contaminated pixel and removed from the daily Level-2 standard MODIS aqua Chl-a data to generate a new time series of Chl-a (an index of water-column phytoplankton biomass). The new data show that, in the offshore Yellow Sea frequently visited by MABs, there were no significant changes in Chl-a in June from the pre-MAB period (2002) (2003) (2004) (2005) (2006) to the MAB period (2008-2012) ; in contrast, Chl-a in July significantly increased in an area of about 9000 km 2 . The two different changing patterns in Chl-a for June and July, respectively, suggest a significant decrease in phytoplankton biomass due to the nutrients' consumption in June with increased macroalgae biomass. While the findings here can be explained with the nutrient hypothesis, they are preliminary in nature. In particular, the uncertainties of the NASA standard Chl-a (after removal of the macroalgae-contaminated pixels) in the study region need to be quantified and reduced with field data. Finally, when applying the approach to other sensors with different resolutions, the window size used to remove macroalgae-contaminated pixels may also need to be adjusted.
